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' Introduction. The problem of neutrino from the time when this particle 

C . was theoretically recognized (Pauli, 1930; Fermi, 1932-1934) as an important 

element of the theory of weak interaction, still is closely connected with the 
fundamentals of particle physics. That is why neutrino properties are espe- 
cially interesting. However, inspite of great efforts, there is a set of open basic 
questions about neutrinos (nonzero mass; number of flavours; mixing between 
C^ ' the neutrino families; behavior under particle-antiparticle conjugation; elec- 

^ . tromagnetic properties; the role in astrophysics etc.). For sure the answer to 

any of these questions will substantially stimulate progress in understanding 
of laws of micro and macro worlds. 






^SJ ' Electromagnetic moments are among the most important properties of a 

^^ . particle. Since neutrinos are neutral particles and there is no coupling to the 

0^ ' photon in the lagrangian, electromagnetic moments arise entirely from vacuum 

polarization loop effects. For neutrino as a spin-^ particle the matrix element 
i-^ ' of electromagnetic current contains four independent form factors EJ: 

where /q, /a, /m and Je are the charge, axial charge, magnetic and elec- 
tric dipole moments, respectively. For Dirac neutrinos the assumption of CP 
invariance combined with the hermicity of the electromagnetic current Jf^ 
3 , implies that one of two possible static moments, Jm and /s, vanishes: Je = 0. 

For neutral Majorana neutrinos from a general assumption of CPT invariance 
it follows that both magnetic and electric dipole moments vanish. However, 
in the case of the off-diagonal electromagnetic vertex the neutrino transition 
magnetic moment is not, in general, zero. 

Thus, one can conclude that the neutrino magnetic (transition) moment 
is the most important among the form factors. It should be mentioned here, 
that the discussion on the third non trivial electromagnetic characteristic of 
neutrino, /a, can be found inl3. The magnetic moment arises from the operator 
(Jfj.iyq'' and since ^Vp^vl' = ^iCr^i/^i? + ^'jfCr^i^'i'L, it follows that a chirahty 
change can appear when there are both left and right-handed particle states. 
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In the standard model due to the absence of the right-handed charged currents 
a massless Dirac neutrino cannot have a magnetic moment. In the standard 
model supplied with S't/(2)-singlet right-handed neutrino vr the one-loop ra- 
diative correction generates nonvanishing magnetic moment, proportional to 

^'' = l^"^'' = 3.10-i«(f|^)Mo, MO =2^. (2) 

There are plenty of models Q which pnadict much larger magnetic moments for 
neutrinos. In some of these models EI the neutrino magnetic moment can be 
lifted up to the range ^ ^ 10^^° ~ lO^^^fiQ that could be of practical interest 
for processes in the vecinity of the Sun, neutron star and supernova. 

Experimental upper bounds on the neutrino magnetic moments arm: ^^^ < 
1.8 • 10"i°/io,/Ui.^ < 7.4 • 10"i"^o,Mi'. < 5.4 • lO^'^^o- One could also obtain 
more stringent constjLaints from astrophysical arguments like jUiiutdno emission 
from red giant starsa or from supernovae and neutron starsQEj'tj. 

Neutrino magnetic moment in electromagnetic field. It is non-trivial result 
shown for the first time in 113, that the presence of medium and external mag- 
netic field change electromagnetic properties of neutrino. Thus the massless 
neutrino in the standard model due to the weak interaction with particles of 
the medium can get an effective magnetic momeat. In an analogy with the case 
of charged lepton magnetic moment (see, e.g.,E3) the non vanishing intrinsic 
neutrino magnetic moment also depends on the strength of external electro- 
magnetic field and the energy of the neutrino. The most systematic way in 
investigation of the external field and energy dependence of neutrino magnetic 
moment is based on consideration of the neutrino mass operator M{x' ,x) in 
electromagnetic field that accounts for the field radiative corrections to the 
neutrino motion and defines the righthand side of the Schwinger equation 

{li,^ m,)*,(x) = / M{x', X, F)^,{x')dx'. (3) 

We consider the lowest-order standard model contribution (i.e. the contribu- 
tion of the virtual loop process v ^ e + W ^ i/) to the Dirac neutrino mass 
operator in external crossed electromagnetic field {E J- B, E = B). The de- 
tails of calculations of a lepton magnetic moment in the external magnetic field 
can be found in til. Finally, for the neutrino magnetic moment in the external 
field we find 

A'r(x) _ _2!_m^ 7 dn u^/'> r 2{2+u) _ r, , (2u+l) i~^/ n „ _ "4 
^0 2=7r2 me J (l+n)S/3 x^/^ ^ « A ' A J-^V-'ii'/ „i2 , 

(4) 



where g is the couphng constant of the standard model, x = [— (6^'"^^,^)^]^/^ • 
• 'iTi~^ is the field dynamical parameter, p,^ is the neutrino momentum. The 
received expression for /xj^(x) exactly accounts for dependence on the field 
parameter x ^-nd also on masses m,^, me, and mw- If in (j^ one neglect the 

terms ^ -^, ^^, then the result ofE3 is achieved. It is possible to extract 

the vacuum field and energy independent part of [i^ : 



^.]r{o) = 44.'^Fix,v), 



-['7(1 + 2X) + ^ - X - 1^+ i(A2 - iA+ 5^)]/(A,r;)}, 

VA £+VA' 



(5) 



^(A, ^7) = -:^ In !-5#, A - e^ - 477, 6 = 1 + A - 77- 



In the case of small nii,, 77 ^ 1, the function F is -F'(A, 0) = ,^^j^|2 + (x\)3 1^ A. 
In the hmit A » 1 we get F{X,0) « 3/A, that together with (|3l reproduce 
the result of eq.(g). In analogious way we have also consideredHj the other 
possible contributions to the neutrino magnetic moment, that are predicted 
within extensions of the standard model. 

Neutrino conversion in electromagnetic field. Consider a system, v — 
[vr, i'l), of two neutrino chiral components in a magnetic field B. The ptolu- 
tion of V can be written as a Schrodinger like equation ( see 113 and alsotSl) 

i^i^^Hiy, H^ian)i^^-^)-^a[B-ri{Bn)), (6) 

where n is the unit vector in the direction of neutrino speed m, a is the Pauli 
matrixes, V is difference of neutrino effective potentials in matter, A is a 
function of the neutrino vacuum mixing angle 9 which is determined by the 
considered type of neutrino conversion process (for example, A = 2(cos0 — 1) 
for ly^L <^ ^ei?,)- In the Hamiltonian (o) the term that is proportional to the 
unit matrix is omitted. Equation m) can be received in the frame of generalized 
standard models of electroweak interactions. However, it can be derived from 
some general arguments within quaziclassical approach. It is well known that 
in the classical approximation the evolutioip_pf particle spin can be determined 
by the Bargmann-Michel-Telegdi equation tj. On the basis the BMT equation 
one can get E3 the following equation for the spin vector S'^ of the neutral 
particle moving with constant speed, u^ = const, in electromagnetic field F^^,: 

^ = 2^i{Ft'''S, - u^iu.F'^^Sx)} + 2e{F^''S, - u^iu.F-'^Sx)}. (7) 

Here Ffj_,y is the dual electromagnetic field tensor, and we account for possibility 
of non- vanishing electric dipole moment, e. Note that the second term in eq.(^ 



violate T invariance. Let us generalize eq.ffl) for the case of models with CP 
invariance and P nonconservation. A P-noninvariant theory imploys existence 
of a prefered direction that can be determined by the constant vector k. The 
Lorentz invariant generalization of the eq.(|3) is given by the substitution F^^ — > 
Ff_i^ + G fj^i, , where Gf_ii, is an anti symmetric tensor organized as follows: G^„ = 
{£^k, pk) . If one demands that the generalized equation should be linear over 
field F^i, then the only possibility is to identify vector k with unit vector n: 
k = n = -. The quantities f and p are pseudo scalar and scalar, respectively, 
and they do not depend on F^^. In the rest frame of particle for the model 
with T invariance we can get 



dt ~ ^ 



S xR 



R=i;{Bo + pn) (8) 



where Bq = uqB + [E x u] — "^" ' is the magnetic field in the rest frame. It 
follows that even in the absence of electromagnetic field spin precession exist 
if the spin S is not exactly parallel with velocity H. If for description of the 
neutrino spin states we use the spin tensor S — {(fS) the evolution of which is 
determined by S{t) = US{to)U'^ , then we can obtainO 

^ = ^{<fm. (9) 

This equation will coincide with one for the evolution operator that determines 
solutions of the Schrodinger eq.(||) if we take p = ^(y - ^j^) and the 

transversal magnetic field B± = B — n{Bn) is substituted by — ^ . 

Now we consider the neutrino spin procession in a field of electromagnetic 
wave with frequency uj. We will denote by 63 the axis that is parallel with u 
and by </> the angle between 63 and the wave vector of the wave. The magnetic 
field in the rest frame is given by 

Po = uo[(cos</) - /3)Biei + (1 - /? cos 0)5262 - ^^163], (10) 

where j3 — —, 61,2.3 £^re the unit orthogonal vectors. For the wave of circular 
polarization Bi = Bcosip, B2 = Bsintp, and the phase ^ = gLut{l — -S- coscj)) 
depends on the wave speed Po{(3o < I, g = ±1). Expanding over small param- 
eter 1/uq ^ 1 and neglecting terms which are proportional to ^^, we get 

^ = (t - ^fE^)^3 - ^J^B{l - /3cos0)(ei cosV - e2sini;) + 0(ff ). (11) 
In this case the solution of eq. (pi) can be written in the form 

c/ = c/^3(^-^o)c/r(x-xo), t/r(x) = 6xp(zM|). (12) 



The evolution operator is a combination of the operator which discribes rota- 
tion on angle x " Xo — 2/(i — to) around the axis I, and the rotation operator 
on the angle ip — ipo around the axis 63. For the vector I we get 

^= (T-^i^-i)e3-A*S(l-/3cos0)(eiCOsV'o-e2Szni^o)- (13) 

The conversion probability among the two neutrino states, i^l and vj^, could 
became sufficient when the vector I is orthogonal or nearly orthogonal to the 
axis 63. This will happen when the condition 



V _ Am^A _ ± 
2 iE 2 



<^^iB{l- 13 COS (j)) (f4) 



is valid. This uncquality binds together the properties of neutrino (/x, Atti^, 
E, 9) and medium {V), as well as the direction of propagation and the other 
characteristics of the electromagnetic wave. Condition (|l4|) predicts the new 
type of neutrino resonances-iz^.f-s- vn in the electromagnetic field. 

In our previous studies E30 we discussed neutrino conversion and oscilla- 
tions among the two neutrino species induced by strong twisting magnetic field, 
B = B±e^'^^*\ We introduced the critical magnetic field i?cr(ATO^, 9, Ueff, E, 
ipit)) as a function of the neutrino properties and the angle ip specifying the 
variation of the magnetic field in the plane transverse to the neutrino motion, 
that determines the range of fields {B > Bcr) for which the magnetic field 
induced neutrino conversion become significant. For the critical field we got 



i(^-V2G^"e//+^)|. (15) 



Rern arkably, this result follows from (^^ if coscj) = 0. It was also pointed 
outt2HlZl that effects of the magnetic field induced neutrino conversion become 
important if the following two conditions are satisfied: l)the magnetic field 
exceeds the critical value Bcr { B > Bcr) and 2)the length x of the neutrinos 
path in the medium must be greater than the effective oscillation length Lgff , 
X > — 1^. We used this criterion to get constraints on /i. In particular, 
to avoid the loss of a substantial amount (25%) of energy that could escape 
during the supernova explosion E3 together with the sterile neutrinos i^cR, we 
has to constrain the magnetic moment on the leiffil of /i < 10^^^/io- More 
stringent constraint ^i < 10~^^/xo is also obtained EJ from consideration of the 
magnetized neutron star cooling. 
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